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(54) Method and system for automatic gain equalization in an optical transmission system using 
WDM technique 



(57) It is disclosed a method and system for auto- 
matic gain equalization in a WDM optical communica- 
tion system, which provides for using Automatic Gain 
Equalizers (AGEs) to pre-tilt the spectrum and get both 
gain flattening and Optical Signal to Noise Ratio (OSNR) 
flattening: the AGEs are periodically inserted in the am- 
plification chain, for pre-compensating the tilt that will 
accumulate down the line (pre-emphasis). 



Optical Spectrum Monitors (OSM) are placed 
some amplifiers downstream, measure the OSNR and 
send this data back to the relating AGE. For each wave- 
length the difference between the OSNR and the mini- 
mal OSNR over the spectrum is computed and added 
to the previous attenuation at this wavelength. The new 
attenuation spectrum is normalized and is used to con- 
trol the AGE. 
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Description 

[0001 ] The invention relates to the field of optical com- 
munication technology. More particularly it relates to au- 
tomatic gain equalization in a WDM optical transmission 
systems. 

[0002] In recent years, optically amplified transmis- 
sion systems have been developed, in which digital data 
are transmitted by performing optical amplification and 
optical relay or repeat using optical transmission fiber. 
Wavelength division multiplexing (WDM) is used for in- 
creasing the capacity of fiber optic networks. In systems 
using WDM transmission, plural optical signal channels 
are carried over a single line, each channel being as- 
signed to a particular wavelength. Thereby gain equal- 
ization of long haul optical amplified transmissions be- 
comes more and more difficult due to the increasing 
number of transmitted wavelengths. 
[0003] The in-line optical amplification may be 
achieved by using optical amplifiers like erbium doped 
fiber amplifiers (ED FA). The optical amplifier gain is apt 
to recover the tosses in the optical fiber sections. 
[0004] To achieve the same transmission perform- 
ance at all wavelengths in a WDM system, the Optical 
Signal to Noise Ratio (OSNR) must be uniform at the 
receiver's end at all wavelengths. 
[0005] Optical power unbalance must also be limited 
to avoid large penalties due to non-linear effects in the 
fiber (Self Phase Modulation), and to remain compatible 
with the receiver's dynamic range. This is especially crit- 
ical in Ultra Long Haul systems where the large number 
of amplifiers induces significant discrepancies between 
channel/wavelength performances. 
[0006] In addition, due to the fiber attenuation varia- 
tion and depending also on certain parameters during 
the manufacturing process, the actual loss of the man- 
ufactured fibers is somewhat different from the expected 
one. Therefore, the real gain of the optical amplifiers can 
be lower or higher than the expected one, thus inducing 
a linear tilt in dB versus wavelength. This tilt is negative 
or positive, depending on whether the actual optical am- 
plifier gain is higher or lower than the nominal one. 
[0007] Therefore gain flattening and OSNR flattening 
must be performed through the optical system sections, 
for all wavelengths. 

[0008] Gain flattening is conventionally done with a 
static filter inside the Optical Amplifier, while OSNR flat- 
tening is done from the transmitter side by pre-emphasis 
technique, namely by attenuating some channels with 
respect to others. 

[0009] These "static" techniques however are subject 
to a number of limitations: 

• An amplifier's gain is tilted whenever the inter-stage 
losses or input power are modified; 

• Pre-emphasis has a limited range of attenuation 
(typically 12 dB). 
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[0010] A particular device is known in the art as Au- 
tomatic gain Equalizer (AGE) which carries out the func- 
tion of a dynamically tunable filter or an array of atten- 
uators, made in different technologies, like liquid cristal 
5 arrays, tunable acousto-optical filters on optical fiber, 
Fourier filters on silica waveguides. 
[001 1 ] Till now the AGE has been used to keep optical 
amplifiers output flat over a whole range of input powers, 
by the following procedure: 

w 

using a spectral monitoring device; 
measuring the power difference between each 
channel and the channel with minimal power; 
adding half of this value to the attenuation at this 
15 wavelength; then normalizing the AGE so that the 
minimal attenuation is always zero (plus the inser- 
tion loss); 

running this procedure iteratively till convergence, 
usually in less than 1 0 iterations. 

20 

[001 2] However the procedure for using the AGE de- 
scribed above could not be used to solve the above 
problems in the gain flattening and OSNR flattening, in 
fact it only flattens the output spectrum. 
25 [0013] First, it does not work in conjunction with pre- 
emphasis (since after the AGE, all channels will have 
the same power), thus making OSNR imbalance a major 
problem. 

[001 4] Second, it doesn't reduce non-linear effects by 
30 much, unless using one AGE per amplifier, since the 
most amplified channels remain the same, thus they will 
be the ones that have the most power (if the sections 
lengths are equally distributed). In other words, power 
spectrum imbalance only gets worse. 
35 [0015] Therefore in view of the known solutions, that 
are not quite efficient, an obiect of the invention is to 
provide an improved automatic gain equalization meth- 
od and system for use in a WDM optical communication 
systems, which solves the above problems. 
40 [0016] According to the invention a method for auto- 
matic gain equalization in a WDM optical communica- 
tion system is provided. 

[0017] The method provides for using AGEs to pre-tilt 
the spectrum and get both gain flattening and OSNR 
45 flattening: the AGEs are periodically inserted in the am- 
plification chain, for pre-compensating the tilt that will 
accumulate down the line (pre-emphasis). 
[0018] Thus power imbalance (the difference be- 
tween the maximal and the minimal power value) can 
so be limited to be compatible with the receiver's dynamic 
range (at the end of the amplifier chain) and non-linear 
effect limits, and the OSNR will be flat at the receiver. 
[0019] The AGEs will be placed in between the optical 
amplifiers and relating Optical Spectrum Monitors 
55 (OSM) will be placed some amplifiers downstream. 
[0020] The OSM will measure the OSNR and send 
this data back to the AGE. 

[0021] For each wavelength the difference between 
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the OSNR and the minimal OSNR over the spectrum 
will be computed and will be added to the previous at- 
tenuation at this wavelength. 

[0022] Then the new attenuation spectrum will be nor- 
malized (we subtract the minimal attenuation to all 
wavelengths) and used to control the equalization curve 
of the AGE. 

[0023] A system for automatic gain equalization in a 
WDM optical communication system is also provided. 
[0024] This solution has the advantage to rely on tech- 
nologies particularly feasible for terrestrial and subma- 
rine transmission. 

[0025] Other advantages of such systems are: 

• Simple algorithm; 

• Priority on the OSNR, which is the main limiting fac- 
tor for Ultra Long Haul design; 

• Lift pre-emphasis limitations (1 2 dB attenuation); 

• Limitation of non-linear effects which is one of the 
main limiting factors in ULH systems. 

[0026] These and further objects are achieved by 
means of an apparatus and method as described in the 
attached claims, which are considered an integral part 
of the present description. 

[0027] The invention will be described in detail in the 
following description of preferred embodiments with ref- 
erence to the following figures, given by way of non-lim- 
iting example to illustrate the principles of the invention, 
wherein: 

F1G.1 is a a schematic view showing a preferred 
embodiment of a system for automatic gain equal- 
ization according to the present invention; 
FIG. 2 is a graphical plot depicting the trend of the 
optical power vs. the channel and the amplifier 
chain for the system of fig. 1 ; 
FIGS. 3a and 3b show the trend of the attenuation 
vs. wavelength and/or channel along the system of 
fig. 1. 

[0028] A preferred embodiment of the present inven- 
tion is shown in FIG.1. 

[0029] An optical transmitter TX and an optical receiv- 
er RX are placed at the two ends of an optical commu- 
nication link using WDM technique, thereby plural opti- 
cal signal channels are carried over a single link, each 
channel being assigned to a particular wavelength. 
[0030] A number of optical fiber amplifiers OFA1 , ... 
OFAn, ... OFAn+1, ... OFAm of a known type is placed 
in between the optical fiber spans, to recover the atten- 
uation in the optica! fibers. Normally the first amplifier of 
the chain has the function of an Optical Booster Ampli- 
fier and the last one that of an Optical Preamplifier. 
[0031] A fixed linear gain flattening optical filter, not 
shown in the figure, is preferably built in the OFA ampli- 
fiers. 

[0032] The optical amplifiers generally show a non lin- 



ear trend of gain/attenuation and OSNR with the wave- 
length/channel. 

[0033] A controllable automatic gain Equalizer AGE 
is placed between two optical amplifiers OFAn and 
5 OFAn+1 . AGE carries out the function of a controllable 
dynamically tunable filter or an array of attenuators. 
[0034] Some known kinds of AGE are available on the 
market, made in different technologies, like: 

10 Liquid cristal arrays; 

Fourier filters on silica waveguides; 
Tunable Acousto-Optical filter on optical fiber, ex- 
ploits the Bragg condition produced when acousti- 
cal waves are created in a refractive material in the 

15 direction of light propagation; 

PLC waveguide filter/Mach-Zehnder (phase shifter 
MZI) based thermo-optic (TO), essentially a tem- 
perature-controlled Mach Zehnder waveguide 
interferometer; 

20 Electronically switchable Bragg gratings, an holo- 
graphic polymer-dispersed liquid crystal. 

[0035] The AGE shows a very attractive characteris- 
tic, as from the plots in figures 3a and 3b, namely a con- 

25 trollable attenuation trend vs. wavelength and/or chan- 
nel. It is possible to get a given whole band equalization 
• for gain flattening (fig. 3a) or a channel equalization for 
individual channel control (fig. 3b). 
[0036] A device performing the function of Optical 

30 Spectrum Monitor OSM is placed a number of OFAs 
downstream of the AGE, preferably 1 to 1 0 OFAs further, 
one OSM with each AGE. 

[0037] The OSM measures the OSNR trend with 
wavelength, and sends this data back to the AGE under 

35 the form of wavelength and OSNR couples of value. 
[0038] The OSM device is of a known type: for exam- 
ple it may be made by a tunable bragg filter and a pho- 
todiode, sweeping through the band; or it may also be 
made by a row of photodiodes with demultiplexing func- 

40 tion. 

[0039] The following formula will be calculated either 
at the system level (in the supervision apparatus not 
shown in the figure), or embedded in the AGE board, so 
as to control the equalization curve of the AGE: 

45 

AOSNR(X) = ONSR(X) - OSNR min 



Att n+1 W = Att n (X) + AOSNRM 



Att n+1 (X) = Att n+1 '(X)-Att n+ r' n 

55 [0040] For each wavelength/channel X the difference 
between the measured OSNR(X) and the minimal OS- 
NR min over the spectrum is computed and added to the 
previous attenuation Atyk) at this wavelength, obtain- 
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ing the new value Att n+1 , (^), where n is the iteration 
number. 

[0041] Then the new attenuation value Att^'ft) is 
normalized by subtracting the minimal attenuation At- 
t n+1 mln to all wavelengths/channels and fed to the AGE. 
[0042] The iteration number n ranges from 1 to N, 
where N can be preset depending on the particular sys- 
tem requirements. 

[0043] Accordingly the AGE modifies its equalization 
curve (figs. 3a, 3b) iteratively with n, till reaching sub- 
stantial convergence at iteration N. 
[0044] In fig. 1 there are also shown examples of 
trends of power PW and OSNR in the various OFAs of 
the chain. 

[0045] Therefore the algorithm leads to a periodicity 
in the trend of the power spectrum. 
[0046] A non limiting embodiment example is shown 
with reference to figure 2, where the trend is shown of 
the optical power vs. channels and amplifier chain. The 
periodicity is determined by the placement of the AGEs 
in the aplifier chain. 

[0047] The system consists of 80 channels over 22 
spans of 23 dB attenuation/gain per span, with Raman 
amplification used in conjunction with EFDA for the op- 
tical amplifiers. There is one AGE (with the related OSM) 
every 5 amplifiers. 

[0048] The figure of one AGE every 5 amplifiers re- 
sults from the following typical figures: 

1 dB tilt/ripple per OFA amplifiers; 
1 0 dB loss in the amplifier interstage; 
1 0 dB dynamic range for the AGE. 

[0049] So the formula determines how to use the de- 
vice AGE; the position of it takes also into account the 
above factors: 

the gain tilt/ripple of the OFA amplifiers; 

the amplifier's tolerable interstage loss; 

the AGE's dynamic range; 

the tolerable gain excursion to avoid penalties in 

terms of non-linear effects and OSNR. 

[0050] It allows a good averaging of the launched 
power and received OSNR between the channels. Sim- 
ulations have shown that the optimal number of ampli- 
fiers per AGE varies from 3 to 6 depending on the am- 
plifier and line configuration. 

[0051] Further implementation details will not be de- 
scribed, as the man skilled in the art is able to carry out 
the invention starting from the teaching of the above de- 
scription. 

[0052] Many changes, modifications, variations and 
other uses and applications of the subject invention will 
become apparent to those skilled in the art after consid- 
ering the specification and the accompanying drawings 
which disclose preferred embodiments thereof. All such 
changes, modifications, variations and other uses and 
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applications which do not depart from the spirit and 
scope of the invention are deemed to be covered by this 
invention. 



Claims 

1 . A method for automatic gain equalization in a WDM 
optical communication link, the link comprising a 

10 number of optical fiber amplifiers (OFA1,... 
OFAn, ... OFAn+1 , ... OFAm) in between the optical 
fiber spans of the link, 

characterized in that it provides for periodi- 
cally inserting a number of Automatic Gain Equal- 
15 izers (AGEs) in the link to pre-tilt the spectrum and 
get both gain flattening and Optical Signal to Noise 
Ratio (OSNR) flattening, the said Automatic Gain 
Equalizers pre-compensating the tilt that will accu- 
mulate down the link, for all the channels/wave- 
20 lengths of the WDM link. 

2. A method as in claim 1 , characterized in that: 

at least one Optical Spectrum Monitor (OSM), 
25 placed a number of amplifiers downstream of a 

relating Automatic Gain Equalizer (AGE), 
measures the Optical Signal to Noise Ratio for 
all the channels/wavelengths of the WDM link, 
and sends this data back to the relating Auto- 
30 matic Gain Equalizer (AGE); 

said Automatic Gain Equalizer (AGE) accord- 
ingly modifying the equalization curve at all the 
channels/wavelengths of the WDM link. 

35 3. A method as in claim 2, characterized in that said 
Automatic Gain Equalizer (AGE) modifies the 
equalization curve iteratively according to the fol- 
lowing steps: 

40 - calculating for each channel/wavelength the 
difference between the measured Optical Sig- 
nal to Noise Ratio and a minimal Optical Signal 
to Noise Ratio over the spectrum; 
adding said difference to the previous attenua- 
45 tion at every channel/wavelength, getting a new 

attenuation spectrum;. 

normalizing the new attenuation spectrum by 
subtracting a minimal attenuation to all wave- 
lengths, and 

so - modifying the equalization curve according to 
the normalized attenuation spectrum. 

4. A system for automatic gain equalization in a WDM 
optical communication link, the link comprising a 
55 number of optical fiber amplifiers (OFA1,... 
OFAn, ... OFAn+1 , ... OFAm) in between the optical 
fiber spans of the link, 

characterized in that it comprises a number 
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of Automatic Gain Equalizers (AGEs), periodically 
inserted in the link in between said optical fiber am- 
plifiers, to pre-tilt the spectrum and get both gain 
flattening and Optical Signal to Noise Ratio flatten- 
ing, the said Automatic Gain Equalizers pre-com- 5 
pensating the tilt that will accumulate down the link, 
for all the channels/wavelengths of the WDM link. 

5. A system as in claim 4, characterized in that it fur- 
ther comprises at least one Optical Spectrum Mon- 10 
itor (OSM) placed a number of amplifiers down- 
stream of the Automatic Gain Equalizer (AGE); said 
Optical Spectrum Monitor measuring the Optical 
Signal to Noise Ratio for all the channels/wave- 
lengths of the WDM link, and sending this data back *5 
to the Automatic Gain Equalizer; said Automatic 
Gain Equalizer (AGE) accordingly modifying the 
equalization curve at all the channels/wavelengths 

of the WDM link. 

20 

6. A system as in claim 5, characterized in that it 

comprises means for modifying the equalization 
curve of the Automatic Gain Equalizer (AGE) itera- 
tively, said means: 

25 

calculating for each channel/wavelength the 
difference between the measured Optical Sig- 
nal to Noise Ratio, received from the Optical 
Spectrum Monitor (OSM), and a minimal Opti- 
cal Signal to Noise Ratio over the spectrum; 30 
adding the said difference to the previous at- 
tenuation at every channel/wavelength, getting 
a new attenuation spectrum;, 
normalizing the new attenuation spectrum by 
subtracting a minimal attenuation to all wave- 35 
lengths, and 

modifying the equalization curve of the Auto- 
matic Gain Equalizer (AGE) according to the 
normalized attenuation spectrum. 

40 

7. A system as in claim 4, characterized in that it 

comprises one Automatic Gain Equalizer (AGE) 
every 3 to 6 optical fiber amplifiers (OFA1,... 
OFAn, ... OFAn+1, ... OFAm). 

45 

8. A system as in claim 5, characterized in that it 

comprises one Optical Spectrum Monitor (OSM) for 
every Automatic Gain Equalizer (AGE), placed a 
number of optical fiber amplifiers downstream of the 
Automatic Gain Equalizer (AGE) ranging from 1 to 50 
10. 

9. Optical communication system, comprising a sys- 
tem for automatic gain equalization according to 
any of claims from 4 to 8. 55 



5 



EP 1 280 288 A1 




EP 1 280 288 A1 




7 



EP 1 280 288 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 01 40 2051 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



CttatJon of document with hdlcation. where appropriate, 
of relevant pa ssages 



Relevant 
to claim 



CLASSJRCATON OF THE 
APPLICATION (lrrt.C1.7) 



X 

A 



US 6 160 659 A (KINOSHITA SUSUMU) 
12 December 2000 (2000-12-12) 

* column 2, line 1 - line 35 * 

* column 14, line 8 - column 15, line 24 * 

* column 17, line 51 - column 18, line 16 
* 

* figures 18,19,23 * 

EP 0 944 190 A (FUJITSU LTD) 
22 September 1999 (1999-09-22) 

* paragraph '0036! * 

* paragraph '0093! - paragraph '0096! * 

* paragraph '0109! - paragraph '0117! * 

* paragraph '0148! * 

* figures 1,13,16 * 

EP 0 794 599 A (FUJITSU LTD) 
10 September 1997 (1997-09-10) 

* page 2, line 18 - page 3, line 27 * 

* page 10, line 10 - page 11, line 14 * 

* figures 1,13,16-19 * 



The present search report has been drawn up for all claims 



1,2,4,5, 

8,9 

3,6 



1,2,4,5, 
8,9 



H04B10/17 



1,2,4,5, 
7-9 



TECHNICAL FIELDS 
SEARCHED (bit C3.7) 



H04B 



Place ot scorch 

THE HAGUE 



Date o* completion of Ow search 

18 December 2001 



Examincr 

Carrasco Comes, N 



CATEGORY OF CITED DOCUMENTS 



X • particularly relevant if taken alone 

Y : particularly relevant If combined mttn another 

Cocumert of the same category 
A * technotappcal background 
O . non— written disclosure 
P- 



T : theory or princip e underlying the invention 
E : easier paiert document, but published on, or 

after the filing cate 
D : document cited In the appJ carton 
L '. document dried for other reasons 

& : member of trie same patent family, correspond r>g 
document 



8 



EP 1 280 288 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 01 40 2051 



This annex lists the patent famBy members relating to the patent documents titad In the above-mentioned European search report. 
The members are as contained in the European Patent Office EDP file on 

The European Patent Office is in no way table for these particulars which are merely given for the purpose of inform a tion. 

18-12-2001 



Patent document 
died in search report 



Publication 
date 



Patent family 
members) 



Publication 
date 



US 6160659 



12-12-2000 JP 
US 
US 



9159526 A 
5909305 A 
5818629 A 



20-06-1997 
01-06-1999 
06-10-1998 



EP 0944190 


A 22-09-1999 


EP 


0944190 A2 


22-09-1999 






JP 


2000151515 A 


30-05-2000 


EP 0794599 


A 10-09-1997 


JP 


9244079 A 


19-09-1997 






EP 


0794599 A2 


10-09-1997 



u: For more details about this annex :see Official Journal of the European Patent Office, No. 12/R2 



9 



THIS PAGE BLANK (UStTO) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects^rtne images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



THIS PAGE BLANK (uspto) 



